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3?1? ??
1.1 ?????
1948???????????????????????, ????????????
???????????????????, ????????????????????
????????????????? 0???????????. ??????, ???
???????????????????????????????????????
???????. ??????? (Reverse Shannon Theorem)??, ?????????
???????????????, 2002?? Bennett? [1]????????. ????
?????, ??????????????????????????????????
?????, ????????????????????????????.
??????????????????????????????????????
??????, ?????????????????????????????????
?????. ????, BCH??????????????????????????
? [3]. ????, BCH?????????????????????????????
???????????. ??, ?????????????????, ???????
?????????? 0?? 1?????????????????.
??, ????????????????????????? (Low-Density Parity
Check code) [4, 5]???????????. LDPC?????????????, ?
???????????????????????????????. ??, LDPC??
??????????????????????????.
?????LDPC?????????????????????????????. ?
??????????????????????, LDPC??????????????
4 ? 1? ??
??????????????.
1.2 ?????????
?????, LDPC???????????????????????????. ?
??????????, ?????????? 1???????, ??????????
???????????????????. ???, ????? LDPC????????
????????????????, ???????????LDPC?????????
?????. ????, LDPC??????????????????????????
????. ?????????????????????? 1????????????
???????, ????????????????????????????????
??????????????????. LDPC??????????????????
???????????????????. LDPC?????????????????
?????, ????????????????, ?????????????????
???????????????.
1.3 ??????
? 2?????????????????????????????????, ???
??????????????????????. ? 3???, ???????????
??????????????. ? 4???, LDPC????????????. ? 5?
??, ???????? LDPC????????????????????, ?????
??????????. ? 6???? 5?????????????????????
?????????, ???????. ? 7????????????????????
?, ??????????.
5?2? ????????
??????????, ????? 1948?????????????????, ???
?????????, ????????????????????????? ????
??????????, ????????? 0???????????????????
?. ????, ?????????????????????????????????
????. ???????????? [2]??????.
??????, ?? ??????????????????????? 0; 1???. ?
?? 2??? 2????????.
2.1 ???
??????????????????????????.
?? 1 (??????). ???????X ????????????X????, X?
????? PX()???. ????, X???????H(X)???????????.
H(X) :=  
X
x2X
PX(x) logPX(x)
=  E[logPX(X)] (2.1)
???, E[]??????????.
??????????, ??????????.
?? 1. H(X)  0
?? 2. H(X)? PX ?????????????.
6 ? 2? ????????
?? 1??????????????????, ?????????????????
??????. ?????????????????????????.
?? 2 (????????). ???????X , Y?????????????????
X, Y ??, (X;Y )????????PXY (; )???. ????X; Y ?????????
H(X; Y )?????????.
H(X;Y ) :=  
X
x2X ;y2Y
PXY (x; y) logPXY (x; y)
=  E[logPXY (X; Y )] (2.2)
?? 3 (??????????). ???????? (X; Y )??????? PXY (x; y)?
?????????????, ??????????????????????.
PX(x) =
X
y2Y
PXY (x; y); PY jX(yjx) = PXY (x; y)
PX(x)
(2.3)
??X = x???????????????, ???? PY jX(jx)?????????
?. ???H(Y jX = x)????, X; Y ???????????H(Y jX)??????
???.
H(Y jX) :=  
X
x2X
PX(x)H(Y jX = x)
=  E[logPY jX(Y jX)] (2.4)
?????????????.
?? 1 (?????). ??????X; Y ????????????.
H(X; Y ) = H(X) +H(Y jX)
= H(Y ) +H(XjY ) (2.5)
??? n????????X1; X2; : : : ; Xn?????? 1 ???????????, ?
????????.
?? 2 (????????????). ??????X1; X2; : : : ; Xn?????????
??.
H(X1; X2; : : : ; Xn) =
nX
i=1
H(XijX1; : : : ; Xi 1) (2.6)
2.1. ??? 7
?? 2?????????????????????????? (divergence) ???
??????????. ?????????KL??? (Kullback-Leibler Infomation) ?
?????. ????X ???????????????????P(X )???.
?? 4 (????????). ???? P;Q 2 P(X )????????????????
?????.
D(P jjQ) :=
X
x2X
P (x) log
P (x)
Q(x)
= EP

log
P (X)
Q(X)

(2.7)
?? 3 (????????????). ??? 2???? P;Q 2 P(X )????????
??????.
D(P jjQ)  0 (2.8)
??? P = Q???????????.
?????????, ???? 0???????????????????????.
?? 0??????, 2?????????????????.
?? 2???????????????????????????????.
?? 5 (?????). 2??????X, Y ????????? I(X;Y )???????
??.
I(X;Y ) :=
X
x2X
X
y2Y
PXY (x; y) log
PXY (x; y)
PX(x)PY (y)
= D (PXY (; )jjPX()PY ())
= H(X) H(XjY ) (2.9)
???????????? (?? 3) ????????????????.
?? 4 (?????????). ??? 2??????X; Y ????
I(X;Y )  0 (2.10)
?????. ????????????, ???? x 2 X , y 2 Y ???? PXY (x; y) =
PX(x)PY (y)???????, ????X? Y ???????????.
8 ? 2? ????????
??????, ????????????????????????????????
????, 0?????????????????????????????. ?? 0?
?????, 2???????????????.
2.2 ???
?????????????????????????????, ????????
?????????, ??????????????????????. ???????
????????????????????????????, ??????????
??????????????. ????, ???? x??????? y???????
W (yjx)????????????? (? 2.1) .
x  ! channel W (yjx)  ! y
? 2.1: ??????
???, ????????? X ?????????? x 2 X ?????, ???? Y
?????????? y 2 Y ??????. ????? X ?????????????
?, Y?????????????????. ???????????????????
????.
1. ??????????X , Y????????.
2. ??? n  1????, ????? xn = (x1x2 : : : xn) 2 X n, ????? yn =
(y1y2 : : : yn) 2 Yn????, ????????????W n(ynjxn)???????
???.
W n(ynjxn) =
nY
i=1
W (yijxi) (2.11)
?????, ??????? n????????????????.
2.3. ???????? 9
?????????????????????????? (stationary Discret Memo-
ryless Channel)????DMC???.
2.3 ????????
?????????, ?????????????????????????????
???????. ??????, ?????????????????????????
??????. ?????????, ???????????????????????
??????. ? 2.1?????????W n(ynjxn)????????????????
????.
????? Sn  ! ??? n x
n ! W n(ynjxn) yn ! ???  n  ! S^n
? 2.2: ?????????
??????? Sn?, ???????Mn = f1; 2; : : : ;Mng???????????
??????. ????,
Pr(Sn = s) =
1
Mn
(8s 2Mn) (2.12)
??????? Sn = s???? n :Mn ! X n?????? n??? (???)
n(s) = x
n(s) = x1(s)x2(s) : : : xn(s) 2 X n (s = 1; 2; : : : ;Mn) (2.13)
???????????????. ???, ??????
Cn = fxn(1); xn(2); : : : ; xn(Mn)g (2.14)
????????????. ?????????????? yn???????, ???
 n : Yn !Mn ????????? S^n = s^??????.
?????? (???) ??????????????.
10 ? 2? ????????
?? 6 (????). ????????? (n;  n)????????, ????????Mn
????. ??????? (??????) Rn????????.
Rn :=
logMn
n
(2.15)
?????? 1?????????????????????.
?? 7 (????????). ????????? (n;  n)????????,??????
? Sn???????? S^n?????????, ????????????????.
Pe(n;  n) := PrfS^n 6= Sng
=
1
Mn
X
s2Mn
Pr

 n(n(s)) 6= s
	
(2.16)
??????????, ???WY jX ???? ??? (n;  n)????????.
???????? Pe(n;  n)???????????????, ????Rn????
???????????, ??????????????????, ?????????
??????. ????????????????????????.
?? 8 (???????).
lim
n!1
Pe(n;  n) = 0 (2.17)
lim
n!1
1
n
logMn  R (2.18)
??????????? (n;  n) (n = 1; 2; : : : )??????????? R?????
(achievable) ??????.
?? 9 (?????). ?????R??? C(W )?????????, ???????
???.
C(W ) = supfR jR????? g (2.19)
C(W )????W ??????????????.
2.3. ???????? 11
???, R?C(W )????????R?????????????? ??? (n;  n)
??????, R? C(W )????????, ???????? ??????????
??????????.
?????????????????????????. ???W (yjx)???????
??? X ?????? PX(x)????, ??????????????? PXY (x; y) =
PX(x)W (yjx)??????. ????????????? I(PX ;W ) := I(X;Y )???
??????????.
?? 5 (?????????????). ??????W ????, ?????????
????????.
C(W ) = max
PX
I(PX ;W ) (2.20)
12
?3? ???????
??????? [1]??, ???????????????????????????,
???????????????????????????????????????.
??????????????????????. ????????????, ????
??????? [2] ??????????????. ??????, ?????????
?????????????????????????????????????. ?
?, ???????????? [3]??????.
3.1 ?????????
2???????????????????????????W ???????C(W )
?????, ????R?R < C(W )??????????, ????Pe(n;  n)???
?? 0??????? (n;  n)?????????????????. ????????
????????????W ????, R < C(W )???, ????????R???
?W ????????????????????.
?????????, ????????????????????????. ????,
???????????W ????, R > C(W )?????????????????
?????????????, ????????R?W ??????????????
????. ????, ????????? (????) ????, ???????????
????????.
3.2. ??? 13
3.2 ???
?? 10 (???). ?? n??? xn 2 X n????, ???????? X ??????
Pxn????? (???) ???.
Pxn(a) :=
1
n
N(ajxn) (a 2 X ) (3.1)
???, N(ajxn)????? a??? xn????????????.
?? 11 (?????). ??n???xn 2 X n, yn 2 Yn????,????????X Y
???????? Pxnyn?????????.
Pxnyn(a; b) :=
1
n
N(a; bjxn; yn) (a 2 X ; b 2 Y) (3.2)
???, N(a; bjxn; yn)??????? (a; b)????? (xn; yn)????????????.
?? 12 (???????). ?? n??? xn 2 X n, yn 2 Yn????, ????????
?????? Vxn;yn(bja)? xn, yn???????????.
Vxn;yn(bja) = N(a; bjx
n; yn)
N(ajxn) (a 2 X ; b 2 Y) if N(ajx
n) > 0 (3.3)
3.3 ???????
??????????????????????. ? 3.1?????????????
?????????. ????????????? xn 2 X n????, ?????? k?
??????W ? n??????W n???????????. ??????, ???
W n?????? x^n???. ???, ??????????????????????
?????????????????????. ?????????????W ???
(??, ????????) ?????????????.
1. ?????xn 2 X n????n : X n !Mn = f1; 2; : : : ;Mng?????????.
2. ???????????n(xn)?k = dlog2Mne???????uk = (u1; u2; : : : ; uk)
?????, ???????? (ID)?????.
14 ? 3? ???????
xn  ! n u
k ! ID uk !  n  ! x^n
m ??
xn  ! channel W n(x^n j xn)  ! x^n
? 3.1: ??????????????????
3. ?????????????? uk? n(xn)??????, ???  n : Mn ! X n
???? x^n =  n(n(xn))?????.
?????? (n;  n)????????????????.
Rn =
1
n
logMn (3.4)
??xn????????????,??????????? x^n??????,??????
?Vxn;x^n(bja) (a 2 X ; b 2 Y)?????????. ??????Vxn;x^n(bja)????W?
???????????W??????????. ????, maxa;b jVxn;x^n(bja) W (bja)j
????????????????? ????? (n;  n)????????.
?? 13 (???). ????????W ??????? (n;  n)???, ??? xn 2 X n
???????, ??? d(xn; n;  n)????????
d(xn; n;  n) := max
a;b
jVxn; n(n(xn))(bja) W (bja)j (3.5)
??????????????? d(xn; n;  n)????? 0??????, ?????
?R????????????????. ????????????.
?? 14 (PX ????R?????).
lim
n!1
E[d(Xn; n;  n)] = 0
lim
n!1
1
n
logMn  R
????????? (n;  n)???????PX????R???????????. ?
?, ?????R????Cr(PX ;W )??????.
Cr(PX ;W ) = inffR jPX????R????? g (3.6)
3.4. ?????????? 15
??????, ?????????????????.
?? 6 (???????).
Cr(PX ;W ) = I(PX ;W ) (3.7)
3.4 ??????????
????????, ??? (direct part)???? (converse part)??????????
?????????.
Cr(PX ;W )  I(PX ;W ) (???????????) (3.8)
Cr(PX ;W )  I(PX ;W ) (???????????) (3.9)
????????????????. ???????????????????????
???????????.
?? 15 ((P; )-????). X???????P???  > 0???,??n???xn 2 X n
???? Pxn?????????, xn? (P; )-???????.
8a 2 X ; jPxn(a)  P (a)j  P (a) (3.10)
???,????P (a) = 0???Pxn(a) = 0??????????. ??,????  > 0
?????? P -????????????.
?? 16 (??????). X  Y ??????? P ???  > 0???, ?? n???
xn 2 X n, yn 2 Yn?????? Pxnyn ?????????, (xn; yn)? (P; )-?????
????.
8(a; b) 2 X  Y ; jPxn;yn(a; b)  P (a; b)j  P (a; b) (3.11)
?? 17 (??????, ????????). ?? n??? xn 2 X n; yn 2 Yn????,
??????AXn;???????????AXYn; ???????????????.
AXn; := fxn 2 X n jxn? (PX ; )???? g (3.12)
AXYn; := f(xn; yn) 2 X n  Yn j (xn; yn)? (PXY ; )?????? g (3.13)
16 ? 3? ???????
?????????????????????????????? [2, Chapter 12].
?? 7. Xn = (X1; X2; : : : ; Xn)
i.i.d. PX(x)???, ???  > 0???????????.
lim
n!1
PrfAXn;g = 1 (3.14)
?? 8. (Xn; Y n) i.i.d. PXY (x; y)???, ???  > 0???????????.
lim
n!1
PrfAX;Yn; g = 1 (3.15)
?? 9. ????PXY (x; y)??????PY (y), PY (y)???. Y n = (Y1; Y2; : : : ; Yn)
i.i.d.
PY (y)???, ??? xn 2 AXn;????  > 0???????????.
e n(I(X;Y )+)  Prf(xn; Y n) 2 AX;Yn; g  e n(I(X;Y ) ) (3.16)
??????????????????????????????.
?? 3. ?????m 2 N?, 0  A;B  1??????A, B????
(1  AB)m  1  A+ e Bm (3.17)
?????.
??????????????????????. ???????????????,
????????????.
9Dmax; d(xn; n;  n)  Dmax (3.18)
?????, ?????? (3.5)??, Dmax = 1??????????.
?? 10 (???????????).
Cr(PX ;W )  I(PX ;W ) (3.19)
??. ??? n????  n????, ????????????????.
(1) ??? n????  n???
????? n????????????????. ???????? PX(x)?????
3.4. ?????????? 17
??W (x^jx)??????. ???, ????????? X^ ?????????????
? PX^(x^)?????????????.
PX^(x^) =
X
x2X
PXX^(x; x^) =
X
x2X
PX(x)W (x^jx) (3.20)
? i = 1; 2; : : : ;Mn????, ???? n???? x^n(i)? PX^ ??????? n????
???????. ??????????
Cn = fx^n(1); x^n(2); : : : ; x^n(Mn)g (3.21)
???, ??????????.
n(x
n) =
8>><>>:
min

i 2Mn
 (xn; x^n(i)) 2 AX;X^n; 	 (xn???????? x^n(i)?????)
1 (xn???????? x^n(i)?????)
(3.22)
???  n ???? n ????????? i????, ???? x^n(i)???????
??????????. ??????? (n;  n)?????. ???????????
d(xn; n;  n)?????????.
(2) ??????????
?????????????????.
E[d(Xn; n;  n)] =
X
xn2Xn
PXn(x
n)d(xn; n;  n) (3.23)
???, ????? x^n(i) (i 2Mn)??????????? xn???? J(Cn)???.
J(Cn) :=
n
xn 2 X n
 9i 2Mn = f1; 2; : : : ;Mng; (xn; x^n(i)) 2 AX;X^n; o (3.24)
????, xn???X n???????????????????????.
(1) xn =2 AXn; (2) xn 2 AXn;?? xn 2 J(Cn) (3) xn 2 AXn;?? xn =2 J(Cn)
???????? (3.23)?????????.
E[d(Xn; n;  n)] =
X
xn =2AXn;
PXn(x
n)d(xn; n;  n) +
X
xn2AXn;\xn2J(Cn)
PXn(x
n)d(xn; n;  n)
+
X
xn2AXn;\xn =2J(Cn)
PXn(x
n)d(xn; n;  n) (3.25)
18 ? 3? ???????
??????????????. ??????????? (3.18)??? 7? (3.14) ??
?????????????.
X
xn =2AXn;
p(xn)d(xn; n;  n)  Dmax
X
xn =2AXn;
p(xn) = Dmax  PrfXn =2 AXn;g n!1   ! 0 (3.26)
?? (3.25)????????. ????, xn 2 AXn;???, x^n =  n(n(xn))????
(xn; x^n) 2 AXX^n; ???. ???, P (a; b) = PXX^(a; b), P (a) = PX(a)??????,
jVxn;x^n(bja) W (bja)j =
Pxn;x^n(a; b)Pxn(a)   P (a; b)P (a)

=
Pxn;x^n(a; b)Pxn(a)   Pxn;x^n(a; b)P (a) + Pxn;x^n(a; b)P (a)   P (a; b)P (a)

 Pxn;x^n(a; b)
 1Pxn(a)   1P (a)
+ 1P (a) jPxn;x^n(a; b)  P (a; b)j
 Pxn;x^n(a; b)
Pxn(a)P (a)
jPxn(a)  P (a)j+ P (a; b)
P (a)P (a; b)
jPxn;x^n(a; b)  P (a; b)j
 2 (3.27)
?????. ??? (3.25)????
X
xn2AXn;\xn2J(Cn)
PXn(x
n)d(xn; n;  n)  2 (3.28)
??????. ?? (3.25)????????. ??????? (3.18)??
X
xn2AXn;\xn =2J(Cn)
PXn(x
n)d(xn; n;  n)  Dmax
X
xn2AXn;\xn =2J(Cn)
PXn(x
n) (3.29)
?????
Pe(Cn) :=
X
xn2AXn;\xn =2J(Cn)
PXn(x
n) (3.30)
???? Pe(Cn)????????.
(3) Pe(Cn)???
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Pe(Cn)??????????????????????E[Pe(Cn)]????.
E[Pe(Cn)] =
X
Cn
P (Cn)Pe(Cn)
=
X
Cn
P (Cn)
X
xn2AXn;
PXn(x
n)1fxn =2 J(Cn)g
=
X
xn2AXn;
PXn(x
n)
X
Cn
P (Cn)1fxn =2 J(Cn)g (3.31)
???, 1fxn =2 J(Cn)g? xn =2 J(Cn)??? 1?, xn 2 J(Cn)??? 0????????
??. ??? xn 2 AXn;??????????.X
Cn
P (Cn)1fxn =2 J(Cn)g
= Pr
n
(xn; X^n(1)) =2 AXX^n; \ (xn; X^n(2)) =2 AXX^n; \    \ (xn; X^n(Mn)) =2 AXX^n;
o
= Pr
n
(xn; X^n(1)) =2 AXX^n;
oMn
(3.32)
???, ??????????????????? X^n(i) (i 2 Mn)????????.
???, ?? 9?????E[Pe(Cn)]????????????.
E[Pe(Cn)] =
X
xn2AXn;
PXn(x
n)  Pr
n
(xn; X^n) =2 AXX^n;
oMn
=
X
xn2AXn;
PXn(x
n)
h
1  Pr
n
(xn; X^n) 2 AXX^n;
oiMn

X
xn2AXn;
PXn(x
n)
h
1  e nfI(X;X^)+g
iMn
(3.33)
????? 3????, A = 1, B = e nfI(X;X^)+g, m =Mn????,
E[Pe(Cn)] 
X
xn2AXn;
PXn(x
n) exp
h
 Mn  e nfI(X;X^)+g
i
= exp
h
 enR  e nfI(X;X^)+g
i
(3.34)
?????. ?????????Mn = enR????. R > I(X : X^)????????
??R????, ????? ??????R > I(X : X^) + ????. ???? (3.34)
?? limn!1E[Pe(Cn)] = 0 ?????. (3.25)???????????, ???? (3.26)
20 ? 3? ???????
???, ???? (3.28)???, ???? (3.34)????????. ???, ??????
?????????????????????????.
lim
n!1
E  EXn [d(Xn; n;  n)]  2 (8 > 0) (3.35)
???, ??????????????????????????. ?????????
??????????AXX^n; , AXn; ?????  > 0????????, ?? 7, ?? 8 (?
????) ???????? n??????????????
lim
n!1
E  EXn [d(Xn; n;  n)] = 0 (3.36)
?????????. ??? n = 1pn ????????. ??????????????
????, ????????????? (n;  n) (n = 1; 2; : : : )?????
lim
n!1
EXn [d(X
n; n;  n)] = 0 (3.37)
?????. ????? R > I(X; X^)????????????????????.
Cr(PX ;W )????????????????, ????? I(X; X^)?????????
???????. ????????? (3.19)?????.
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?4? LDPC??
????, ??????????? LDPC?????, ???????, ??????
??????. LDPC??????????????, ???????????????
????? 1????. ???????????? [4, 5], ??????.
4.1 LDPC?????
????????? 1???? LDPC?????????????.
??????, ???????????????????????????????.
????????????.
?? 18 (????). ???? C ?, m  n??H ????????????????
??.
C := fx 2 Fn2 : Hxt = 0g
??, ?????H????????????.
??????????????, ???????.
?? 19 (???, ???). m n?? H ???????.
?? k ?? (k 2 Z; 1  j  m) ??????, n??????? 1?????????
?????, wr????. ?? j ?? (j 2 Z; 1  j  n) ??????, m??????
? 1??????????????, wc????.
?????, ??????????????????, ???????.
22 ? 4? LDPC??
?? 20 (????). ??????C ?????????????H (m n??) ??
??, ???????.
1  m???????????? wr ???, 1  n???????????? wc?
?????, ????C????????.
????, H???? (??????)????????.
????, ??????????????????????????.
LDPC????, ????????????????????????. ??? LDPC
???????.
?? 21 (LDPC??). ????????H ????????, H??????????
???C? LDPC?????.
????????????? 1????????????????????.
??????? LDPC???????H????????????????????
??. ???????????H???? 4??????????. ?????????
??????????????. (4.2?)
 ???? n
 ???wr
 ???wc
 ??????????m
??????????????????????????????.
 n ???, wr??????. ???, wr??? n ??????.
 m ???, ?????????.
m =
n
wr
 wc
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 ???????????R??????????.
R =
n m
n
= 1  wc
wr
LDPC?????????????, ???H???????????. ??, LDPC
???H???????wr, wc??????????????????R??????
????????.
4.1.1 LDPC?????
?? 18, 21???????, LDPC????????????????? (=????
????m) ?????????. ??????????????, ?????????
???????????????????????????????????????
??.
???, ??????????????????????? 1; 2??????????
?????, n?????????????????????????????. ???
???????????????????, ????????????????????
??????????????.
4.2 ?????????
LDPC??????????????, LDPC?????????????????H
??????. ???????????H ??, ??????????? LDPC???
?????????????. ????????????, ?????????????
?????????????, ??????????????????????????
????? 2???????. ???????????????? 1????, ????
????????????????????. ??? ???????????.
24 ? 4? LDPC??
???? n, ??? wr (wr : n???), ??? wc????????????????
???????. ????? n = 8; wr = 4; wc = 3;m =
8
4
 3 = 6?????.
????????wr, ??? 1?????????????, ???H1???.
H1 =
0B@1 0 1 0 0 0 1 1
0 1 0 1 1 1 0 0
1CA (4.1)
??, H1??????????????????. ?????????????H2?
??.
H2 =
0B@0 0 1 1 0 1 0 1
1 1 0 0 1 0 1 0
1CA (4.2)
H2?????????, H1???????????????????????? wc?
??. (????Hi (i : 1; 2; : : : ; wc) ???)
H3 =
0B@1 1 0 1 0 1 0 0
0 0 1 0 1 0 1 1
1CA (4.3)
???, ???wc????????????, ??H?????.
H3 =
0BBBB@
H1
H2
H3
1CCCCA =
0BBBBBBBBBBBBBB@
1 0 1 0 0 0 1 1
0 1 0 1 1 1 0 0
0 0 1 1 0 1 0 1
1 1 0 0 1 0 1 0
1 1 0 1 0 1 0 0
0 0 1 0 1 0 1 1
1CCCCCCCCCCCCCCA
(4.4)
????, H????? n, ???wr (wr : n???) , ???wc, ??????????
m =
n
wr
 wc???????.
??, ?????????????????????????????. ????, ?
???????????????, 4.1.1?????????????????????
?????.
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4.3 LDPC??????????????
????, LDPC???????????????????????? sum-product?
?????????????. LDPC???????????????????????
? sum-product??????????????. ??? LDPC???????????
??????????????????????????.
m  n?????????? i (i 2 N; 1  i  m) ???????????????
????????, ????? fi???. ???????, ?????, ???????
?????????????????????. ? 4.1? 4.2??? (4.4)???????
???????????. ??? 8, ??? 4, ??? 3, ?????????? 6???,
???????? f1  f6????? 4????????, ?????? x1  x8????
? 3??????????????????.
? 4.1: ???? 4.4?????????
? 4.1????, ??????? fi??? xj (j 2 N; 1  j  n) ??????? 4.2?
?? (4.4)?????. ???, f2????? (4.4)? 2????????. 1??????
????? 2; 4; 5; 6????? f2? x2; x4; x5; x6??????.
sum-product????????, ????????? 4.1?????????????
26 ? 4? LDPC??
???, ?????????????, ??? 2??????????????????
??????????????????. ?????????????????????
?????????????????, ??????????????????????
??????????.
???, ????? 2?????????????????????????????
????. ?????????????????????????, ?????????
?????. ???, ??????????.
?? 22. ??H????, i?, j??????????? hij?????
A(i) := fj 2 [1; n] : hij = 1g
B(j) := fi 2 [1;m] : hij = 1g
?? 23. j 2 A(i)???????? (i; j)????, ??????? fi??????? xj
???????????fi!xj?, ????? xj????????? fi????????
??? xj!fi??????????.
fi!xj := ln

Mfi!xj(0)
Mfi!xj(1)

xj!fi := ln

Mxj!fi(0)
Mxj!fi(1)

??????????? sum-prduct??????? sum-product??????? 1?
???, ?????????????????.
??, ??????????? [5]?????????????, ????????.
 ?????????????i?,???????????????????? (4.4
?) ????????.
 fk!xj ????? 0.
 ????H??? n??????? xn????????, xn?????????
??.
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???? sum-product?????? 
1. ????????????????.
2. ???????H???????????????.
3. xn??????????????? j ?????. ??????? 4.4??
??.
4. (???????) i????? j???????????.
????xj!fi = j +
X
k2B(j)ni
fk!xj
5. (?????????) j????? i???????????.
????fi!xj = 2 tanh
 1
0@ Y
k2A(i)nj
tanh(
1
2
xk!fi)
1A
6. (??????????) i??????????? j????, j?????
???????? x^j?????.
????j = j +
X
k2B(j)
fk!xj
x^j =
8><>: 0 if j > 01 if j < 0
7. (????????) ????? x^n = fx^1; x^2; : : : ; x^ng????, H??????
?????????, ????????? 0????????????????
????????.
8. ????? 1????, ?? 4???. ??????????????, ???
? (??????)??????????????. 
28 ? 4? LDPC??
4.4 ?????
?????LDPC?????? 2????????????. 2??????????
????? i(i 2 N; 0  i  n)???????????.
?? 11 (2???????????????). ?????? yi???, ???????
?????? 2??????????????? i??????????????.
i =
8><>:
ln
1  

if yi = 0
ln

1   if yi = 1
????????? i?, ??????????????????????????
???, n!1?? LDPC??????? (?????????????) ?? ? 2?
????????????? ???????????????.
???????????????????, ???????????????????
???????????? ???, ????? 2??????????? ?????
?????. ???? i???????????????????????, ????
?????????????????????????.
4.5 ????????????
LDPC??????????H??????????????????? 4.2???
???????. ????, ???????H ??????????????????
???????, H?????????????? xn???????????????
????. ???????????????????????????. ??, LDPC?
????????????????????????????????????. ??A
????????? LDPC???????????????????. ???????
???????????.
???, ?????????????????????????????. ????H
?, ?????????????????????? ???????????.
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?????????????????? 
1. H?????????????, ??????????H???????.
2. ???? 1?????? p???, LDPC????????????? xn??
? p????????????.
3. xn?????????????, ?????????? xn????????.
4. ?????H ?????? 2:????????? xn????????, ?H
?????????????.
5. ??????????????????????????, H ???????
?????????. 
???, ??????? (p; )????????R?????H???????????
???????????.
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?5? LDPC???????????
??????????????????, LDPC?????????????????
????????. ????, ??????????????????????????
?????.
5.1 ?????????????
????, ?????????????????.
?????, ?????????? xn???? LDPC??????????????
??? 2??????W ?????????????.
xn  ! n u
k ! ID uk !  n  ! x^n
+ ??
xn  ! channel W (x^n j xn))  ! x^n
? 5.1: ??????????
0
1  //

=
==
==
==
0
1
1 
//
@@
1
? 5.2: ??????? ? 2??????W
xn???????, ??? 2??????W (xnjx^n)??? x^n??????????
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1? AX;Yn; ???. ??????? (3.3?) ??, LDPC??????????????
???? R = 1   wc
wr
?W ?????? C(W )???? R > C(W ) ???, ????
xn 2 AXn; ???????? 1? AX;Yn; ?????? x^n ???????? ?????
(n;  n)?????.
2????????? 5.2????, ??????????????????????
??????????. ???W (1j0) = W (0j1) = ;W (0j0) = W (1j1) = 1  ???.
???? 2????????????C? 1  h()??????.
????,
1
n
N(0; 0jxn; x^n) = 1
n
N(1; 1jxn; x^n) ' 1   (5.1)
??
1
n
N(0; 1jxn; x^n) = 1
n
N(1; 0jxn; x^n) '  (5.2)
??? x^n?????????? ??? (n;  n)??????????, ??????
??????????. ???? (5.1), (5.2)???????????????????
(Hamming distance) ?????.
?? 24 (??????). ?????????x; y 2 f0; 1g?????????? dH(x; y)
??????????.
dH(x; y) =
8><>: 0 if x = y1 otherwise
??, ????? n?????? xn; yn 2 f0; 1gn????, ???????.
dH(x
n; yn) =
nX
i=1
dH(xi; yi)
??, ?????? xn??????? dH(0; xn)? xn???????wH(xn)???.
?? 24, ? 5.1, 5.2??, ?? n??????? 2????????????????
???????????????????????????, dH(xn; x^n) ' n  ???.
???, dH(xn; x^n) ' n  ??? x^n?????????? ??? (n;  n)??????.
32 ? 5? LDPC???????????
5.2 RST????????????
? ????, LDPC?????????????????????????????
?????????. ?????????????????? [8]????????.
RST???????? 
1. n, wc, wr?????, ?????????????????R??? LDPC?
??????????H?????.
2. LDPC????????????????????????????????.
3. ?? 1:?????H????, ???????????????. (4.5?)
4. ???? 1?????? p???, ?????????? xn?, ?? p????
????????.
5. xn??????????? ??????????????, ??? xn???.
6. ???? sum-product?????????? xn????, xn????????
?????????????. ??? x^n???. (4.3?)
7. H??????? x^n??????????????? uk(k <= n)???, ?
??????????????????.
8. ????? uk??????. ??? xn???.
9. dH(x
n; xn)???, dH(xn; xn)  n  ????????.
10. 4:?7:?N?????.
11. ?? 1:????R?????????

=
?????
N

???
RST???

=
RST???
?????

?????.
12. wc,wr???????? 1:?11:????, R?????????????. 
??????????, ????????????????? ? 2?????????
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????????, LDPC??????? R = 1   wc
wr
??????????????
??.
RST??????????, ?????????????H?????. 4.2????
????????????????, ????????????????????. ??
????????????????????????, ??????????????.
???????????????????????????????????????
??????, ??????????????????????, ??????????
?????????????????.
??? LDPC????????????????????????? ??????
????. ???????????? ???????????????.
??, ???????????H???????????????????. ????
?????? 4.5????????????.
?????????????????? n?????? xn = f0; 1gn??? p???
????????. p???????????, ????????? wH(xn) = n  p??
???????????.
????????????xn????,?? ???????????????. LDPC
????????????, ????????????????????????. ??
???? xn?????????????? dH(xn; x^n) ' 0???, 2?????????
???? ?????????? dH(xn; x^n) ' n  ????????????????
??. ????, ??????? xn? n  ????????????????????
?????????.
???????????????? xn????????????,?????????
???????????? xn??????. ??????xn????????dH(xn; xn)
????, ???? n  ??????????????????????. ??, ???
??RST???????????? dH(xn; x^n)????????????, ??? 5.2.1
??????????? dH(xn; xn)??????????.
?????????, ??? (???????H) ??????? xn?????N ?
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????. ??????, ????R????RST????????. ????????
?R????????, R?RST???????????????.
5.2.1 ?????????
?????????????, 5.2??????RST????????????? 5, 6
??????????. ????????, ????????????????????
??????????, ???????????R?RST?????????????,
???????????????????????????????. ?????? 5, 6
?????????????????????????????????.
?????????????, ?????????????????????????
uk????. xn? x^n???????????? uk?????H??????????
???????, ???????????????????????????? 4???
??????????? xn????????????????, RST????????
?? dH(xn; xn)????????????.
5.3 RST????????????????????
????, 5.2?????????????????????????, ???????
?????.
5.3.1 ????
??????????????R?RST??????????????, ?????
???RST??????? 2????????????????.
1. x^n???????.
2. dH(x
n; x^n)  n  ???.
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RST??????????? 4??, 4.3?????????? sum-product?????
?????????????????? x^n???????. ????????????
???? x^n????????????????, RST??????????. RST??
?????????? p = 0:5????????????, ?????????????
? 4????????????????????????, ?????????????
?????. ???? 1????????????xn????????????????
????????????, LDPC????????????????????????
???????????????????????????????????????.
??????????????, RST??????????? 2??????????
?????????????????? 1????????????????????
?????????????????. ?????????????????????,
?? p????????????????????????.
5.3.2 ??????
?????, ????????????? xn????????????? n  ???
???????????????. ????? xn??? n  ????????????
????RST??????????? 3??????????, ??????????
???????????? 1???????????, 5.3.1?????????????
???????????????.
?????? 5.3.1???????? LDPC?????????????, ?????
?? 1?????????????????????? (p?????????????
??) ????. ?????????? 1????????????????, p? ??
?????. ????, ????? n  ??????????????????????
???????????????.
36 ? 5? LDPC???????????
5.4 ????????
5.2?  5.3?????????????????????????????. 6??
??????????????????????????.
???????? 
1. n, wc, wr?????, ?????????????????R??? LDPC?
??????????H?????.
2. LDPC????????????????????????????????.
3. ?? 1:?????H????, ???????????????. (4.5?)
4. ???? 1?????? p???, ?????????? xn??? p????
????????.
5. xn?????????, ?? ??????????????, ??? xn??
?. ???, ??????????????????????????????
???.
6. ???? sum-product?????????? xn????, xn????????
?????????????. ??? x^n???. (4.3?)
7. dH(x
n; x^n)???, dH(xn; x^n)  n  ????????.
8. 4:?7:?N?????.
9. ?? 1:????R?????????

=
?????
N

???
RST???

=
RST???
?????

?????.
10. wc, wr, ???????? 1:?9:????, R?????????????. 
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?6? ???????
?????????????????????, LDPC??????????????
? 2????????????????? 5????????????????????.
????, ????????????????.
6.1 ???????
?????????????? 6.1?????. ????????????? [8]??
????. ????????, ????????????????.
??????Intel Core i7  2620M CPU@2:70GHz
??????8:00GB
OS?ubuntu 12:04
????????C??
? 6.1: ???????
???? ??? ???
n wr wc
LDPC??????? 1????? 2???????????
R(=1-
wc
wr
) p 
2???????????????????????

38 ? 6? ???????
6.2 ????
R???????? (?? RST???) ????????????????????
????????????. ??????????????? n = 10; 000??????.
?????? LDPC??????????????. (p; )???????, ????
?????????? p? 1???????????????, ??????????
????????????. ??????????????????????, 1???
????????????????????????.
1 wr = 10, wr = 20????????, ???wc???? (wr; wc)????????
????.
2 ? (wr; wc)?????, ??????????? 100?????.
3 ?????????????????????. ((wr; wc)???????????
???????????????????)
??? 1?? (p; )??????? 100 30?????????????, 1?????
?????????????????. ?????? 6.2??????. ???????
?, ?????????.
6.2. ???? 39
? 6.2: p? ?????????

0.05 0.1 0.15 0.2 0.25 0.3 0.4
0.005 ? ? ? ? ? ? ?
0.010 ? ? ? ? ? ? ?
0.015 ? ? ? ? ? ? ?
0.020 ? ? ? ? ? ? ?
0.030 ? ? ? ? ? ? ?
p 0.040 ? ? ? ? ? ? ?
0.050 ? ? ? ? ? ? ?
0.060 ? ? ? ? ? ? ?
0.070 ? ? ? ? ? ? ?
0.080 ? ? ? ? ? ? ?
0.090 ? ? ? ? ? ? ?
0.100 ? ? ? ? ? ? ?
????????? (p; )??????, 4.5???????????????????
???????.
1 ? 6.2????????? (p; )???????? 1???, ??????????
??????????? 100?????.
2 ??????, ??????????????? xn? 100?????.
3 ?? 1????? 100?????????????? 2????????? xn??
??????, ??????????????????.
4 ?? 3??????? 90?????????????????????, ?? (p; )
???????????????????????.??, (p; )????????
?????, ?????????????????????.
40 ? 6? ???????
?????? 6.3 6.9??????. ??????????, ???R?? wc; wr??
?????????????????????, ??????????????.
? 6.3: 01?????????? p = 0:005  0:020; wc
wr = 20
p = 0:005 p = 0:010 p = 0:015 p = 0:020
 R ??? R ??? R ??? R ???
0.05 ? 0.05 ? 0.05 ? 0.05 ?
0.10 ? 0.10 ? 0.10 ? 0.10 ?
0.15 ? 0.15 ? 0.15 ? 0.15 ?
0.20 ? 0.20 ? 0.20 ? 0.20 ?
0.25 ? 0.25 ? 0.25 ? 0.25 ?
0.30 ? 0.30 ? 0.30 ? 0.30 ?
0.005 0.35 ? 0.35 ? 0.35 ? 0.35 ?
0.40 ? 0.40 ? 0.40 ? 0.40 ?
0.45 ? 0.45 ? 0.45 ? 0.45 ?
0.50 ? 0.50 ? 0.50 ? 0.50 ?
0.55 ? 0.55 ? 0.55 ? 0.55 ?
0.60 ? 0.60 ? 0.60 ? 0.60 ?
0.65 ? 0.65 ? 0.65 ? 0.65 ?
0.70 ? 0.70 ? 0.70 ? 0.70 ?
0.75 ? 0.75 ? 0.75 ? 0.75 ?
0.80 ? 0.80 ? 0.80 ? 0.80 ?
0.85  ? 0.85  ? 0.85  ? 0.85  ?
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? 6.4: 02?????????? p = 0:005  0:020; wc
wr = 10
p = 0:005 p = 0:010 p = 0:015 p = 0:020
 R ??? R ??? R ??? R ???
0.10 ? 0.10 ? 0.10 ? 0.10 ?
0.20 ? 0.20 ? 0.20 ? 0.20 ?
0.30 ? 0.30 ? 0.30 ? 0.30 ?
0.05 0.40 ? 0.40 ? 0.40 ? 0.40 ?
0.50 ? 0.50 ? 0.50 ? 0.50 ?
0.60 ? 0.60 ? 0.60 ? 0.60 ?
0.70 ? 0.70 ? 0.70 ? 0.70 ?
0.80  ? 0.80  ? 0.80  ? 0.80  ?
42 ? 6? ???????
? 6.5: 03?????????? p = 0:005  0:020; wc
wr = 20
p = 0:005 p = 0:010 p = 0:015 p = 0:020
 R ??? R ??? R ??? R ???
0.05 ? 0.05 ? 0.05 ? 0.05 ?
0.10 ? 0.10 ? 0.10 ? 0.10 ?
0.15 ? 0.15 ? 0.15 ? 0.15 ?
0.20 ? 0.20 ? 0.20 ? 0.20 ?
0.25 ? 0.25 ? 0.25 ? 0.25 ?
0.30 ? 0.30 ? 0.30 ? 0.30 ?
0.10 0.35 ? 0.35 ? 0.35 ? 0.35 ?
0.40 ? 0.40 ? 0.40 ? 0.40 ?
0.45 ? 0.45 ? 0.45 ? 0.45 ?
0.50 ? 0.50 ? 0.50 ? 0.50 ?
0.55 ? 0.55 ? 0.55 ? 0.55 ?
0.60 ? 0.60 ? 0.60 ? 0.60 ?
0.65 ? 0.65 ? 0.65 ? 0.65 ?
0.70 ? 0.70 ? 0.70 ? 0.70 ?
0.75 ? 0.75 ? 0.75 ? 0.75 ?
0.80  ? 0.80  ? 0.80  ? 0.80  ?
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? 6.6: 04?????????? p = 0:005  0:020; wc
wr = 10
p = 0:005 p = 0:010 p = 0:015 p = 0:020
 R ??? R ??? R ??? R ???
0.10 ? 0.10 ? 0.10 ? 0.10 ?
0.20 ? 0.20 ? 0.20 ? 0.20 ?
0.30 ? 0.30 ? 0.30 ? 0.30 ?
0.10 0.40 ? 0.40 ? 0.40 ? 0.40 ?
0.50 ? 0.50 ? 0.50 ? 0.50 ?
0.60 ? 0.60 ? 0.60 ? 0.60 ?
0.70 ? 0.70 ? 0.70 ? 0.70 ?
0.80  ? 0.80  ? 0.80  ? 0.80  ?
? 6.7: 05?????????? p = 0:005  0:020
p = 0:005 p = 0:010 p = 0:015 p = 0:020

wc
wr
R ??? R ??? R ??? R ???
wc
wr = 20
0.05  ? 0.05  ? 0.05  ? 0.05  ?
0.10 ? 0.10 ? 0.10 ? 0.10 ?
0.20 ? 0.20 ? 0.20 ? 0.20 ?
0.30 ? 0.30 ? 0.30 ? 0.30 ?
0.15
wc
wr = 10
0.40 ? 0.40 ? 0.40 ? 0.40 ?
0.50 ? 0.50 ? 0.50 ? 0.50 ?
0.60 ? 0.60 ? 0.60 ? 0.60 ?
0.70 ? 0.70 ? 0.70 ? 0.70 ?
0.80  ? 0.80  ? 0.80  ? 0.80  ?
44 ? 6? ???????
? 6.8: 06?????????? p = 0:005  0:020
p = 0:005 p = 0:010 p = 0:015 p = 0:020

wc
wr
R ??? R ??? R ??? R ???
wc
wr = 20
0.05  ? 0.05  ? 0.05  ? 0.05  ?
0.10 ? 0.10 ? 0.10 ? 0.10 ?
0.20
wc
wr = 10
0.20 ? 0.20 ? 0.20 ? 0.20 ?
0.30 ? 0.30 ? 0.30 ? 0.30 ?
0.40 ? 0.40 ? 0.40 ? 0.40 ?
0.50  ? 0.50  ? 0.50  ? 0.50  ?
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? 6.9: 07?????????? p = 0:030  0:040
p = 0:030 p = 0:040

wc
wr
R ??? R ???
0.05
wc
wr = 20
0.05  ? 0.05  ?
wc
wr = 10
0.1  ? 0.1  ?
0.05 ? 0.05 ?
0.10 ? 0.10 ?
0.10
wc
wr = 20
0.15 ? 0.15 ?
0.20 ? 0.20 ?
0.25 ? 0.25 ?
0.30  ? 0.30  ?
wc
wr = 10
0.05  ? 0.05  ?
wc
wr = 20
0.05  ? 0.05  ?
0.10 ? 0.10 ?
0.15
wc
wr = 10
0.20 ? 0.20 ?
0.30 ? 0.30 ?
0.40 ? 0.40 ?
0.50  ? 0.50  ?
wc
wr = 20
0.05  ? 0.05  ?
0.20
wc
wr = 10
0.10 ? 0.10 ?
0.20  ? 0.20  ?
??, ???????? LDPC??????????????A?????.
??????????, ???????????RST??????. ? 6.3  6.9??,
??????? R???????????????, ?????????????. ?
6.3  6.6???? p = 0:01; 0:02?????????????????????????
46 ? 6? ???????
??????????.
???? n p ' 200?????, n (p+ )  200?????? p; ?????, ??
?????????????????????. ???????, ????????.
(p; ) = (0:005; 0:005); (0:005; 0:01); (0:01; 0:005); (0:01; 0:01)???????????
?, ??????? n?????? xn? 1000??????????. ????????
????,
  <  = 0:1
  =  = 0:01
  >  = 0:001
? 3????????RST??????, ????????, RST????????. ?
???RST???????, ?????????? xn???????? x^n?????
????? dH(xn; x^n)???
0  dH(xn; x^n)  0:01  n
??????????????RST?????, ??????????RST?????
???????.
?????? 6.16.12???.
????????R??wc; wr????????????????????????
????????. ??, ? 6.1  6.8??????C()? LDPC??????????
??????? 2???????????????, C()?????? 2???????
????????. ???????? 6.10??????.
? 6.10: ???????? ???? 2????????????C()

0.001 0.01 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
C() 0.989 0.920 0.714 0.531 0.390 0.278 0.189 0.119 0.066 0.029 0.007
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? 6.1: (p; ; ) = (0:005; 0:005; 0:1); wr = 20???????RST???????
? 6.2: (p; ; ) = (0:005; 0:005; 0:1); wr = 10???????RST???????
48 ? 6? ???????
? 6.3: (p; ; ) = (0:005; 0:01; 0:1); wr = 20???????RST???????
? 6.4: (p; ; ) = (0:005; 0:01; 0:1); wr = 10???????RST???????
6.2. ???? 49
? 6.5: (p; ; ) = (0:01; 0:005; 0:1); wr = 20???????RST???????
? 6.6: (p; ; ) = (0:01; 0:005; 0:1); wr = 10???????RST???????
50 ? 6? ???????
? 6.7: (p; ; ) = (0:01; 0:01; 0:1); wr = 20???????RST???????
? 6.8: (p; ; ) = (0:01; 0:01; 0:1); wr = 10???????RST???????
6.2. ???? 51
????????????? 6.7????, ??? 0:15; 0:2???????????
???????? 6.9  6.10???.
? 6.9: (p; ; ) = (0:01; 0:01; 0:15); wr = 10???????RST???????
? 6.10: (p; ; ) = (0:01; 0:01; 0:2); wr = 10???????RST???????
52 ? 6? ???????
??  = 0:01; 0:001???, ?????? (p; )???????????  RST???
??? 0????.
? 6.11: (p; ; ) = (p; ; 0:01)???????RST???????
? 6.12: (p; ; ) = (p; ; 0:001)???????RST???????
6.3. ?? 53
6.3 ??
? 6.1  6.8??, ????????.
 ??????R?????????, RST????R?????????????
???????.
 p???????????????????????, p???????????
 RST?????????????. ?? p = 0:005???? RST??????
100%????.
 ?????????, ?????????????RST????????????
???????????????.
 ???????????????????????, ????????????
?????, RST????????????????.
 wr???????????????????????, wr???????????
R < C()???????????????.
 ?????  RST?????, R? C()??????????????????
??????????????. ??? 6.7, 6.10??, C()?????R > C()
????RST??????????, 1????.
 ?????  RST?????? 1?????????????????.
???? [1], [3]??, ??????????R??????????????????
?????, R?????? ??????????C()????????, C()???
???????????????????????????? RST???? 1???,
C????????? 0???????????????????? (? 6.13) .
54 ? 6? ???????
? 6.13: ????????????RST??????????
R? RST?????????????, ? 6.13????????????????
RST??????????????????????????????????. ??
???? 6.16.12???, ???? 6.13???????????.
?????????????? 1???? LDPC?????? RST???????
?????????, ??????????. LDPC???????? ???????
???????, ???????????????????????????????
sum-product???????????????????????????. ??????
???, ????????????????????????? 0??????????
????????????. ???????????????????????????
????. ???????????????, ???????????????????
?, ??????????????????????????????? ??????
?????????, ?????????.
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??????????????????????????????????, LDPC?
?????????????? C()???????????????????? ? 2
????????????????????????? (? 6.7, 6.10) . BCH????
? [3]????, ?????C()?????? 0:2????????????RST???
? 1??????. ??????? LDPC????????BCH??????????
C()??????????????????.
LDPC???????????????????? ??????????. 4.4??
??????????? ????????, ????????LDPC????????
???????????????????????????????????????
??????????????????????????????. ? 6.1  6.12???
? C()? ????????????????????????, ?????????
C()????????????????. ??????????? 6.7, 6.10???. ?
??????? LDPC???????????????????????? (????
?) ????????????????????????????, ?????????
?????????????????.
???? [3]????BCH??????????, ????????????????
????C???????R??????, ?????????? ??? 2?????
???????????????. R?RST???????????????????
???? 6.13???????. LDPC?????????, ?????????????
???????????????????, ??????? LDPC???BCH????
???????????????????. ??BCH???????????????
?? LDPC?????????, ?????????????????????RST?
???????, BCH???????????????????????RST????
?????, ????????????????????.
56
?7? ?????
7.1 ??
?????, ????????????????????????? LDPC????
??, ???????????????????????????. ?????????
??????R? 2??????W ?RST???????????????, ????
? 6??? 6.1  6.12 ??????. 6???????????????.
 LDPC????????????????????????, BCH???????
?????, ????????????????????. ????BCH????
??????????, ????????BCH????????????????
???????????????.
 ???????????????????????????????, LDPC??
?????????????C()??????????????????????
? 2????????????????????????? (? 6.7, 6.10) . LDPC
?????????????????????????????????????
?????????????????????????????????.
?????, LDPC??????????????????????????????
???????????????????. [3]??????, ???????BCH??
?????. ??? LDPC?????????????????, 6?????????
???BCH?????????????. ????????????????????,
???????????????? LDPC????????????????????
???????????.
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7.2 ??
???????????????? ????????, ??? 3???????.
1???????????????, ??????? ??????????. ????
????????????????, web?????????????? [3]?????
???, ????????????????????????????????????
????????. ???????????????????????????????
????????????, ???????????????????????????
???????????????. ??, ?????????????? n = 10; 000?
???, ??????? 100  1000???????????????????????
????. n???????????????????????, 4.4???????? 
???????, ???????????????????.
2??? p?????????????????????. 5.3????????, ??
????????????????, ???????? p; ; ????????????
???. ?????????? 6.3??????, LDPC??????????????
???????????????????????, ?????? ?????????
???. ????A??, ??????????????????????????. p
?????????????????????, LDPC???????????????
??????????????.
3???LDPC?????????????????????????. 6???,??
??????????????????????? 6.7? 6.10? 2???????. ??
??????????????? 6.3?????????, ?????????????
??????????????????????, 2????????????????
???????????. ??, ?????????????????????????
????????????????????. ??????????????????
??????? LDPC?????????????????????????????
? n???????????????????????, BCH???????????
???????????????????????.
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?8? ??
????????????, ??????????????????????????
??????????????????? ???????????. ????????.
????????, ????????????????????????? ?????
???. ??????????. ???????, Cover??????????????
??????????????????, ????????????. ????????
?. ?????????, ??????????????????????. ?????
????????. ??????????, ????????????????????
???????. ?????????. ?? ???????????????????
??????. ??????????????. ??????????????????
?????.
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? ?A ????????
LDPC???????????????????????????????.????
LDPC????????????????????????????????????
?. ????????????? LDPC??????????????.
A.1 ????
????????????? 1????BER (Bit Error Rate) ??????????
???, ?????????????????????????.
1. ????????, 4.5?????????????????????????? 2
??????.
2. ?? 2??????????????, LDPC????????????????
????????? ??????????.
3. ????????? 0???????? n?????? xn???, ???????
? p???????????????. ????????? xn???.
4. xn???? LDPC??????????????????, ?????????.
5. p???????????????,?????????????????????.
???? n = 10000, ???wr = 20??????wc??? 1  19?????????
????R = 0:05  0:95????????????????. ?????  ?????
?????? xn? 100??????, ?? 1900??????????????????.
????????????????????????????? 2??????? ??
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???????????????????, ????????????????????
????????.
???????, ???????????????????????????????
??. ??????????????, ??????????????????????
???????????????????????????.
A.2 ????
???????????????????????????????????. ???
????????? xn?????????? 1900????.
? A.1: ???????????????????????
p
0.01 0.02 0.03 0.04 0.05
??? 0.01 404 0 0 0 0
?? 0.05 1277 422 0 0 0
??  0.1 1331 1070 521 51 0
?? 0.15 0 0 0 0 0
0.2 0 0 0 0 0
0.25 0 0 0 0 0
0.01 424 0 0 0 0
??? 0.05 1306 432 0 0 0
??  0.1 1332 1075 566 61 0
?? 0.15 0 0 0 0 0
?? 0.2 0 0 0 0 0
0.25 0 0 0 0 0
? A.1??, ???????????????????????????? ???
62 ? ?A ????????
??????, ?? (p, ) ??????????????????????. ? A.1?
 = 0:1???? (p, ) ??????????? (= ?????
1900
)??????????
????A.1???.
? A.1:  = 0:1???? (p, ) ??????????????
?A.1??? ?A.1????????????????.
 ?????????????????????????????, n??????
?? 4%??????.
 ????????????????????????? 70%??????.
 ?????????????????????????????????????
??????????????.
??? LDPC????????, n???? 10%?????????????????
?????????????????????????. ??????????????
??? LDPC???????????????????.
